The mollusk shell is a classic example of how coarsegrained variation in abiotic and biotic factors shapes clines in morphology across broad geographic scales. Graus (1974) , for instance, examined the degree of interspecific variation in gastropod shell shape along the Atlantic coast of the United States and showed that most shells from northern latitudes exhibit shapes indicative of relatively high building costs (e.g. thin, weakly ornamented forms). Limitations on calcification in cold environments thus restrict the range of attainable shell morphologies (Vermeij 1987 , Gillooly et al. 2001 , Dillon et al. 2010 . The lifting of constraint on the calcification process under higher temperatures, however, does not mean that thick, strongly ornamented shells will be realized: biotic conditions that place a selective premium on sturdy shells are needed to transform the possible into the actual. Only in locations where enemies commonly test the shell's effectiveness as a defense will thick and strongly ornamented shells confer a selective advantage and therefore emerge as adaptations. Temperature and predation pressure thus interact to enable and drive, respectively, the adaptive maintenance and enhancement of energy-intensive shell traits.
In this study, we used a combination of experimental and observational methods to test the hypothesis that the energetically costly anti-predatory shell morphology of a marine gastropod -the knobbed whelk Busycon carica -is locally adapted to coarse-grained environmental variation, and that the predation regime that this species experiences is at least partially responsible for that local adaptation. We predicted that the expression of anti-predatory adaptations in the knobbed whelk's shell would be greatest in the southern part of its geographic range, where the physical constraints on adaptive options are relaxed by higher temperatures and the biotic environment generates strong selection for enhanced shell armor.
Study system
The knobbed whelk B. carica (Busyconinae) is a large, long-lived, directly developing predatory gastropod that is common in intertidal and nearshore environments along the eastern coast of the United States. This geographic range, which spans over ten degrees of latitude (or approximately 1400 km), encompasses two distinctive biogeographic provinces: the Gulf Stream influenced warm-temperate Carolinian Province (hereafter referred to as the 'southern province'), which extends from Cape Canaveral, Florida northwards to Cape Hatteras, North Carolina, and the much cooler Virginian Province (hereafter referred to as the 'northern province'), which extends from Cape Hatteras northwards to Cape Cod, Massachusetts (Hayden et al. 1984 , Engle and Summers 1999 , Spalding et al. 2007 ). Knobbed whelks are predators that feed on bivalve mollusks by wedging the valves of their prey open with their shell lip (Colton 1908 , Warren 1916 , Magalhaes 1948 , Carriker 1951 , Paine 1962 , Kent 1983 , Dietl 2003a . Although they are relatively mobile within particular foraging areas (one mark-recapture study showed average movement of 18 m d -1 [Magalhaes 1948 ]), many ( 95%) whelks in tagging studies are recaptured at their release sites, suggesting little movement between localities even over multi-year periods (Walker et al. 2008) .
The shell of B. carica is highly variable throughout its range (Edwards 1988) , with a weakly ornamented morphology characterized by a high spire and small spines present in populations north of Cape Hatteras, North Carolina and a heavily ornamented morphology, with longer spines, a heavier shell, a lower spire, and a pronounced swelling that wraps around the body whorl, known as the 'tumid ridge' (Hollister 1958 , Abbott 1974 , Edwards 1988 ) frequently occurring alongside the weakly ornamented morphology in populations south of Cape Hatteras. Although both weakly and heavily ornamented morphologies are present throughout the southern part of B. carica's range, relative frequencies of the two morphologies vary between populations. This high level of morphological variation and its latitudinal partitioning have led several authors to split Busycon populations taxonomically at both the species and subspecies level (Abbott 1954 , Hollister 1958 , Petuch 1994 , although genetic studies as well as several quantitative morphological studies have shown a high degree of intergradation between the two morphologies, suggesting that splitting at or below the species level is not justified (Abbott 1974 , Edwards and Humphrey 1981 , Edwards and Harasewych 1988 , Berlocher 2000 .
The shell of B. carica shows variation in a number of presumed ecologically important anti-predatory traits (Table 1) . Large body size may provide a refuge from predation (Paine 1976) . A size refuge may result from the mechanics of predation: 1) many predators are not capable of handling prey above a maximum length (Paine 1976) ; and 2) predators may avoid prey above a given size due to increasing handling time and costs (Vermeij 1993) . Spines are a conspicuous feature on the shoulder of the shell throughout the knobbed whelk's range, and have been shown in other mollusks to serve as effective anti-predatory defenses against a variety of durophagous (shell-crushing) predators by localizing stress at thicker parts of shells, and distributing stress over larger areas (Palmer 1979) . Large spines may also provide defense against gape-limited jawed predators by increasing shell width. Increased shell thickness is often associated experimentally with improved defensive performance, and thickened shell walls may be the most reliable defense against crushing predators (Vermeij 1993 , Boulding et al. 1999 , Zuschin et al. 2003 . Shell thickness has been observed to co-vary with latitude for other species (Graus 1974 , Trussell and Smith 2000 , Irie and Iwasa 2003 and also has been observed to increase rapidly in the presence of durophagous predators (Delgado et al. 2002, Brookes and Rochette 2007) . Thickening may be accomplished either by adding shell material evenly over the surface of the shell (i.e. thickening the entire shell wall), or by preferentially adding to specific regions of the shell (i.e. thickening only at one portion along the lip). Producing shell material is energetically expensive (1/4 to 1/3 of the total expenditure for growth [Wilbur and Saleuddin 1983] ) and necessarily involves trade offs (Palmer 1979 , Delgado et al. 2002 ; however, localized shell thickening may confer equivalent increases in defense as compared to more evenly distributed increases in shell thickness. The tumid ridge is an example of localized shell thickening.
A host of different vertebrate and invertebrate shellcrushing predators occur throughout B. carica's range. Among these predators, loggerhead turtles Caretta caretta and various crab species, particularly genus Menippe, are probably the most important selective agents affecting the adaptive evolution of whelk shell morphology. Loggerheads co-occur with knobbed whelks from Massachusetts to Florida (Fig. 1) . These predators have short, strong jaws specialized for breaking the shell of their molluscan and crustacean prey (Randall 1964 , Kamezaki 2003 ). In the act of feeding, prey shells are typically crushed into small fragments (Lazar et al. 2011 , Hochscheid et al. 2013 . Diet of loggerheads is mainly inferred from gut contents, with mollusks (including Busycon species) making up a large component in the southern United States (Frick et al. 2001 , Hopkins-Murphy et al. 2003 , Wallace et al. 2009 ). Along the Atlantic coast of the United States, loggerhead predation on knobbed whelks is likely greatest from North Carolina to Florida where these predators are more commonly encountered year round (Ehrhart et al. 2003) .
Menippe mercenaria (the stone crab) is the largest predatory crab species co-occurring with the knobbed whelk, ranging from Cape Hatteras, North Carolina around Florida (Fig. 1) into the Gulf of Mexico, where it hybridizes extensively with Menippe adina (Bert 1986, Bert and Harrison 1988) . Stone crabs are specialized predators that prey on bivalves, gastropods (including B. carica [Magalhaes 1948] ) and hermit crabs by shell crushing with their chelae (Schenck and Wainwright 2001, Hughes and Grabowski 2006) . They possess unusually large claws for a western Atlantic crab species (Vermeij 1977) and have a high mechanical advantage (Vermeij 1977 , Bert 1986 , Kosloski and Allmon 2015 , with estimates of force production up to 1500 N (Whitenack and Herbert 2015) . Damage resulting from a stone crab attack on B. carica typically includes significant loss of shell material along the apertural lip and puncturing of the body whorl (see Magalhaes 1948 , Fig. 56-58 ).
In short, the most powerful shell-crushing predators are most abundant in the southern province, which suggests that predation pressure increases with decreasing latitude (Pianka 1966 , Coley and Barone 1996 , Schemske et al. 2009 ). Shellcrushing predators may impose selective pressures on their knobbed whelk prey by: 1) selective mortality; 2) necessitating energetically costly shell repairs following unsuccessful attacks; 3) shifting behavior in terms of feeding and habitat use (Appleton and Palmer 1988 , Palmer 1990 , Behrens Yamada and Boulding 1998 , Dalziel and Boulding 2005 , Brookes and Rochette 2007 ; and 4) modifying the timing of life-history events (Frank 1975, Crowl and Covich 1990) .
Predictions
We hypothesized that selection should favor increased expression of whelk defensive traits -such as large size, large spines, thick shells, and the development of a tumid ridge -in southern areas where predation pressure from shellcrushing predators is intense and higher annual temperatures lower the costs of shell production, making it easier to produce heavily ornamented morphologies. Specifically, we predicted: 1) morphological traits that define the heavily ornamented morphology confer an anti-predatory advantage against powerful shell-crushing predators; 2) the expression of costly anti-predatory traits is limited to areas that experience higher annual mean temperatures (demarcated by the Gulf Stream-influenced southern province); and 3) the expression of anti-predatory traits correlates positively with selective pressure from predation (as indexed by shell repair rates).
Methods

Predation experiments
Predation experiments were designed to test our first prediction that morphological traits (e.g. the presence of large spines, increased shell thickness, the presence of a tumid ridge) function effectively as protection in interactions with durophagous predators. Fifty live specimens of B. carica, ranging in length from 80 to 110 mm (average length  91.0 mm), were collected from Cabbage Island in Wassaw Sound, Georgia. These specimens were visually assessed in the field and sorted into two groups of equal numbers of similarly sized heavily ornamented (few large spines, thick shell, well-developed tumid ridge) and weakly ornamented (many small spines, thin shell, tumid ridge absent) knobbed whelk morphologies, which are both present at this locality and occur along a continuum of morphological variation (Supplementary material Appendix 1). Knobbed whelks were transported to the Paleontological Research Inst. in Ithaca, New York, where all experiments were performed, and kept in 37.5 l aquaria with re-circulated instant ocean sea water. Water temperature was kept between 18-20°C and salinity was maintained between 28 and 32 parts per thousand in all tanks throughout the duration of the experiment.
Five large male stone crabs (carapace widths from 8-10 cm) were obtained from Gulf Specimen Laboratories in Panacea, compared using a non-parametric Kolmogorov-Smirnov test. Surviving whelks were routinely checked for deteriorating condition. Whelks that died within 2 weeks of the attack were classified as killed by the stone crab, an assumption justified by the observations that: 1) most whelks that died within this time period had suffered severe tissue damage (Fig. 2 , Damage class 4), i.e. removal of the operculum or puncturing and tearing of the soft tissue; and 2) overall survival rates of whelks in holding tanks, after an initial acclimation period of two weeks, was close to 100%. Survival frequency was assessed using a two sample Chi-square test. All statistical tests for experimental work were completed in PAST (Hammer et al. 2001 ).
Linear morphometrics
Museum-and field-collected samples from 15 localities along the eastern coast of the United States were examined to test our second prediction that the expression of costly anti-predatory morphologies should be most prevalent in the southern part of B. carica's range, where average annual temperatures are greater and constraints on shell production are therefore relaxed. Museum samples were obtained from collections at the Delaware Museum of Natural History, National Museum of Natural History, Paleontological Research Inst., and the personal research collection of G. Dietl. These samples provided coverage throughout most of the range of B. carica along the eastern coast of the United States. Samples included a mix of intertidal and subtidal populations. While ideally samples would be restricted to a single microhabitat, there was no systematic habitat bias with latitude. Samples were grouped at two levels for a preliminary exploration of morphological variation -by locality, with 15 separate localities from nine states, and by region, with 'southern' and 'northern' groups reflecting biogeographic provinces (Supplementary material Appendix 2). The southern province encompassed all knobbed whelk populations occurring south of Cape Hatteras, North Carolina, and the northern province encompassed populations occurring north of Cape Hatteras. For province level calculations, data were further sorted by: 1) pooling all individuals for each locality within Florida. The crabs used in this study represented hybrids between M. mercenaria and M. adina, its sister species, which hybridize extensively in the collecting region (Bert and Harrison 1988) . The use of crabs from this area, which does not overlap with the range of B. carica, ensured that crabs used in the experiment encountered novel prey items. Using naïve individuals eliminated the possibility of different degrees of learned prey-handling behavior between crabs (Cunningham and Hughes 1984 , Davidsen and Marsden 1990 , Roudez et al. 2008 .
Handedness varied among the stone crabs: four possessed the larger, crushing claw on the right side of the body and one had the crushing claw on the left side of the body. Crab experimental tanks were maintained under similar conditions to the whelk holding tanks. Approximately 10 cm of sand covered the bottom of the tanks, and terra cotta shelters (halved flower pots) were available as shelters for the stone crabs. About 50% of the water in tanks was changed ∼ every two weeks. The sides of tanks were covered to minimize agonistic interactions between adjacent individuals.
Individual crabs were fed specimens of B. carica weekly for 10-week periods (broken into five two-week trials) between fall 2009 and early spring 2011. We randomized the offered whelk morphology by determining the first specimen of every two-week trial by coin toss. The opposite morphology was offered to the crab in the subsequent week. One stone crab completed only seven out of 10 experimental trials before dying. Once placed in the tank, whelks were left for four hours. At the end of the four hours, two live individuals of the hard clam Mercenaria mercenaria were placed in the tank for the stone crab to consume and the whelk was removed, photographed, and if still alive, placed back into a holding tank with other survivors. Individual whelks were only used once in experimental trials. Both before and after being used for experiments, whelks were fed live hard clams weekly to bi-weekly.
Upon removal from the experiment, whelks were assessed to determine the amount of shell damage, which was scored on a scale of 0 to 5, with 0 representing no obvious damage to the shell and a score of 5 representing fragmentation of the shell into multiple pieces (Fig. 2) . The relative amount of damage sustained by specimens of each morphology was when viewing the shell from the apertural side: individuals that had visible swelling across the canal were categorized as possessing a tumid ridge. This information was used to calculate the percentages of individuals possessing a tumid ridge at each locality (Supplementary material Appendix 3) and by province.
We also measured thickness at the position of the tumid ridge, as well as thickness at the shoulder of the shell (Fig. 3) . Average values were then calculated for each locality (Supplementary material Appendix 3) and also for the northern and southern provinces.
Analyzing geographic clines in morphology
We used a nested ANOVA to determine whether morphological traits were dependent on latitude and province. Our three factors were province variation (representing variation between provinces), nested latitude variation (representing variation between latitudes), and a nested error variance factor, which captured remaining variation within localities. Latitude and temperature are highly correlated (R 2  0.95, Supplementary material Appendix 4), so latitude additionally served as a proxy for temperature along the cline.
Morphological traits for individuals at each locality (length, spinosity, number of spines, and shell thickness at the tumid ridge and shoulder) were input into the model, and individuals were grouped by morphology (NW, SW, and SH groupings are defined as above in the Linear morphometrics section). We incorporated subgroups defined by morphology within the southern province to allow us to more finely examine the structure of shape variation: as the two morphologies present south of Cape Hatteras are distinctive, we wanted to avoid confounding them by grouping them together. Splitting out subgroups by morphology also allowed us to observe whether NW and SW individuals were equivalent, or whether there was latitudinal variation present even within weakly ornamented individuals. Partial code was derived from Hector et al. (2011) ; for full code see Supplementary material Appendix 2. Modeling and estimation were done using the package rjags (Plummer 2014) run from the R statistical language (R Core Team). By incorporating a Bayesian paradigm (Supplementary material Appendix 2), we were able to estimate probability distributions of different traits and determine the likelihood that they varied between provinces.
Repair rates
Linking variation in selective pressure to clines in local adaptation can be difficult, largely due to the challenge of assessing predation at different localities. Although a number of studies have directly observed predation (for example, by using tethering or caging experiments), these methods provide a very short term perspective on differences in local predation levels. The record of failed predatory attacks preserved on the shells of many mollusk species as repair scars (Fig. 4) circumvents the challenges associated with directly observing predation. Repair scars provide a long-term perspective on the selective pressure that individuals experience over their lifetime to enhance or maintain shell armor (Vermeij et al. each province, and 2) separating out individuals within each province by morphology.
Within the northern province, where shell shape is relatively uniform, all individuals were grouped into a single morphological grouping, 'NW' (weakly ornamented northern whelks). Within the southern province, individual whelks were grouped into one of two morphological groupings: 1) 'SW', which represents weakly ornamented southern whelks; and 2) 'SH', which represents heavily ornamented southern whelks. Linear measurements (Fig. 3) were taken using digital calipers to the nearest 0.01 mm to characterize the relative degree of development of morphological antipredatory traits for individuals along the cline. Specimens smaller than 100 mm length were excluded from analyses, as samples of individuals in this size class were not available from all localities.
The structure of size variation along the cline was determined by averaging the mean length of all specimens over 100 mm. Average size was calculated at each locality (Supplementary material Appendix 3), and also for both the northern and southern provinces. Spine morphology was quantified by counting the mean number of spines per specimen, as well as by determining spinosity, defined as the percent of shell width attributable to spines, using the formula:
Spino ity (width with spines-width without spines) width wi s  t th spines Average number of spines (rounded to the nearest 0.1 spine) and spinosity were calculated for each locality (Supplementary material Appendix 3), as well as at the province level.
The tumid ridge was classified as present or absent. Classification was based on whether the ridge was visible Figure 3 . Linear measurements. l  shell length, w/w/out  width exclusive of spines, w/w  shell width inclusive of spines, th sh  thickness measured at the shoulder, and th rdg  thickness measured at the tumid ridge. differences in selective pressure from predators, we limited our repair analysis to individuals ranging between 100-135 mm in length.
Because variation in shell shape may bias repair analyses (Dietl and Kosloski 2013) , we also standardized individuals within the 100-135 mm size class into our NW, SW, and SH morphological groupings. Differences in shape also correlate with differences in growth rates and therefore exposure time to potential enemies (Supplementary material Appendix 6). Failing to correct for differences in exposure time may lead to misleading conclusions about the structure of selective pressure from predators throughout a species' range (Dietl and Kosloski 2013) . The integration of population-level growth rates with estimates of repair frequency is therefore critical for the correct assessment of relative selection intensities. To account for this potential bias, we used growth rate data to convert repair frequencies, traditionally defined as the percent of shells with at least one repair scar on their final whorl (Alexander and Dietl 2003) , into repair accumulation rates.
To calculate repair rates, shell-crushing attacks were modeled as a Poisson process with repair rates l i for each group i where i is either NW (weakly ornamented, northern province), SW (weakly ornamented, southern province), or SH (heavily ornamented, southern province). The probability of recording at least one repair scar is given by,
where l i  0 and t is age in years. This model is a simple version of that used in system reliability or survival analysis where the probability of experiencing a fault or death increases with time (Meeker and Escobar 1998) . The l parameter represents the mean number of events (in this case, the formation of repair scars) per unit time. One would expect that the probability of acquiring a repair scar would approach 1 if an individual were to live long enough. Individuals in a higher risk environment have a higher rate of scar accumulation and thus a larger value of l. Our estimates of l for each morphology allowed us to determine and compare repair rates for each province while accounting for variation in exposure time, which results from differing growth rates.
By analogy, one can think of two human populations exposed to different levels of ultraviolet (UV) radiation (one population lives in a sunny area and the other lives in a cloudy area). One could ask if there is a difference in the rates of skin cancer and by sampling the two populations, one could simply compute the proportion of skin cancer victims per sample and compare the two proportions. To more accurately assess cancer risk, however, one could take into account the ages of each individual in the samples and estimate the rates of cancer accumulation for each sample using the Poisson formula above. The two estimated rates account for the length of exposure to each UV treatment (sunny vs cloudy).
For small sample sizes, as in our predation study, considering the length of exposure to predation allows for more careful discrimination among the provinces. If the sample sizes were large, as one might expect in a cancer study, one could argue that age distributions in both samples were the same and would not affect statistical significance calculations. In our case, however, sample sizes are modest but we have a plausible growth model that allows us to 'back out' ages from measurements of shell length. Our method therefore permits 1981, Vermeij 1987 , 1993 , Alexander and Dietl 2003 , Dietl 2004 , Dietl and Alexander 2009 ). Selection requires differential survival, and repair scars record these unsuccessful but selectively important predation attempts. The use of repair scars thus allows the assessment of relative levels of selective pressure from predators over broad spatial scales without necessitating extensive experimental work.
There are many possible complications with using repair scars (e.g. variable growth rates, and thus exposure time to enemies, and size and shape variation may bias estimated frequencies [Schoener 1979 , Alexander and Dietl 2001 , Kowalewski 2002 , Dietl and Kosloski 2013 ). However, if the individuals used for comparisons can be standardized for any morphological or exposure-time variation that influences the accumulation of repair scars, the calculated repair frequency or rate represents a biologically meaningful index of selective pressure that captures variation in shell-damaging attacks experienced by animals in the wild (Dietl and Kosloski 2013) .
We tested our third prediction (that antipredatory trait expression should correlate positively with selective pressure from predators) by determining how the rate of repair scar accumulation varied between the northern and southern provinces. Repair scars that 1) cut across multiple growth intervals, or 2) represented jagged breaks extending over most of the length ( 75%) of the apertural lip were counted for the first stage of this analysis, as minor breaks can result from self-induced damage due to feeding on hard-shelled bivalve prey (Dietl 2003a) . Repair scars meeting these criteria represent Class 3 and higher damage from our predation experiments (Fig. 2) . A preliminary assessment of our data set indicated that accumulation of repair scars was sizedependent, with large shells accumulating more repair scars (Supplementary material Appendix 5). To avoid potentially confounding differences in shell length along the cline with Henlopen, Delaware, respectively) to a low of 118 mm at 31.39°N latitude (Sapelo Island, Georgia) (SE  2.23) (Fig. 6, Supplementary material (Fig. 6 , Supplementary material Appendix 3) ranged between 7.3 at St Catherine's Island, Georgia (31.63°N) to 11.3 (multiple localities; Supplementary material Appendix 3). The northern province had a mean of 10.8 spines per individual whelk, (SE  0.13) whereas the southern province had a mean of 8.9 spines (SE  0.13). Within the southern province, SH individuals had on average fewer spines than SW individuals (7.4 [SE  0.12] vs 9.7 [SE  0.16]). At the locality level, spinosity and the number of spines per individual were negatively correlated (R 2  0.78), with northern province individuals having many small spines that did not contribute much proportionately to shell width, and southern province individuals having fewer large spines that contributed substantially to increased shell width.
The tumid ridge ranged from being entirely absent within a population (observed throughout the entire northern a robust assessment of differences between provinces even when examining variable populations. 
This formula combined with the repair rate equation above related, for each specimen, the presence or absence of a repair scar with its measured length and its group. Fitting this formula, using Bayesian techniques with the estimated distributions of b i as priors, yielded estimates of each l i . Inclusion of distributions of b i accounted for the small sample sizes in fitting the growth curves -the substantial estimation uncertainties of b i were propagated into estimation of the rate model. Moreover, the simulation methods of Bayesian estimation enabled estimates of the distributions of differences of rates, l NW -l SW , l NW -l SH , and l SW -l SH , which were used to assess any rate differences between groups. All modeling was done in jags (Plummer 2014) run from the R statistics language (R Core Team); code is available in Supplementary material Appendix 6.
Data deposition
Data for predation experiments, linear morphometrics and repair rates available from the Dryad Digital Repository: < http://dx.doi.org/10.5061/dryad.fc208 > (Kosloski et al. 2016) .
Results
Predation experiments
Variation in damage sustained for whelks of different morphologies was significant (p  0.005, D  0.50): weakly ornamented morphologies (n  24) had a mean damage score of 2.88, as compared to a mean score of 1.76 (n  23) for heavily ornamented morphologies (Fig. 5) . Survival frequency was also significantly different between the two morphologies (p  0.05, Chi-square  6.72). Ten out of 24 weakly ornamented whelks suffered fatal injuries during or in the two weeks following predation experiments, compared with only two out of 23 heavily ornamented individuals (Fig. 5) . Weakly ornamented individuals were thus both more likely to suffer severe damage and to experience fatality as a result of predatory attacks.
Linear morphometrics
Mean shell length varied from a high of 182 mm at 38.77° and 38.72°N latitude (Rehobeth, Delaware and Cape 
Geographic clines in morphology
Results from our nested ANOVA indicated that differences in mean length across provinces were significant, with NW individuals larger than both SW and SH individuals ( Table 2, Table 3 ). The number of spines per individual was significantly higher in NW individuals, and SW individuals also had significantly more spines than SH individuals (Table 2, Table 3 ). Spinosity, as expected, showed an inverse pattern, with the greatest width attributable to spines observed in SH individuals (Table 2, Table 3 ). Thickness at the tumid ridge was significantly lower for both NW and SW than for SH individuals ( Table 2, Table 3 ); however, thickness at the shoulder did not differ significantly between provinces.
Repair rates
After standardization for exposure time (necessitated due to differences in growth rates, which differ between both provinces and morphologies), repair scar rates for 100-135 mm long whelks peaked to the south, though rates between weakly The lowest average value (1.3 mm) across localities for thickness at the tumid ridge was observed at West Neck, New York (40.80°N) and the highest average value (3.2 mm) was observed at St Catherine's Island, Georgia (31.63°N) (Fig. 6, Supplementary material Appendix 3) . The lowest average value (1.6 mm) across localities for thickness at the shoulder was observed at West Neck, New York (40.80°N) and the highest average value (3.5 mm) was observed at St Catherine's Island, Georgia (31.63°N) (Fig. 6 , Supplementary material Appendix 3). Average thickness at the tumid ridge in the southern province was 2.4 mm (SE  0.07) vs 1.6 mm in the northern province (SE  0.04; Fig. 6 , Supplementary material Appendix 3). Within the southern province, the shells of SW individuals were thinner at the tumid ridge on average than SH individuals (2.0 mm [SE  0.08] vs 3.1 mm [SE  0.11]). Average thickness at the shoulder was 2.9 mm (SE  0.07)) in the southern province vs 2.3 mm (SE  0.08) in the northern province. As with thickness at the tumid ridge, shells of SW individuals within the southern province were also on average thinner at traits governed by the interaction of two selective factorspredation and environmental permissiveness in the form of higher water temperatures and therefore reduced costs of shell building.
Temperature and adaptation
The scope of adaptation is greater in warm than in cold environments (Vermeij 1987 (Vermeij , 2002 (Vermeij , 2012 . Higher temperatures shift the economy of ecological systems to a faster tempo, driving higher metabolic rates and enabling predator and prey species to lead more energetic lives, which facilitates more frequent encounters (Pianka 1966 , Vermeij 1978 , Schemske et al. 2009 ). Warmer environments also lower the costs associated with the production and maintenance of energetically expensive traits through a variety of different mechanisms, such as by increasing the availability of the raw material needed to build mineralized skeletons and by speeding up chemical reactions (Graus 1974 , Wilbur and Saleuddin 1983 , Vermeij 1987 ). Higher temperatures also frequently correlate with enhanced productivity, providing the energy needed to power intense species interactions (Roy et al. 1998 , Vermeij 2003 .
As a consequence of the relationship between temperature and performance (i.e. biological function), the intensity and selective importance of species interactions (Schemske et al. 2009 , Freestone et al. 2011 ) and the expression and specialization of predator offenses and prey defenses (Vermeij 1978 , Palmer 1979 , Bertness et al. 1981 , Stachowicz and Hay 2000 , Toju and Sota 2006 , Laurila et al. 2008 ) both tend to be greatest at lower latitudes, decreasing polewards into cooler environments. Ultimately, feedbacks between temperature and predation causally interact to enable and drive adaptation, respectively. However, the effects of these factors generally cannot be separated (though see ManyakDavis et al. 2013) , and an increase in either one alone is not enough to expand adaptive options. Instead, the synergy produced by these two factors -between life and the physical environment -transform adaptive potential into adaptive reality.
The Busycon predator-prey system provides an example of how feedbacks between temperature and predation enable and drive clinal variation in shell shape. Sea surface temperatures vary markedly over B. carica's range, with a pronounced break driven by the circulation path of the Gulf Stream current near Cape Hatteras, North Carolina (Supplementary material Appendix 4; Engle and Summers 1999, Spalding et al. 2007) . As a general rule, increases in defensive structures in mollusks are costly, necessitating the allocation of resources away from growth along the shell axis (Palmer 1990 , Trussell and Smith 2000 , Delgado et al. 2002 , Trussell and Nicklin 2002 , Vermeij 2007 ). Individuals (SW) and heavily (SH) ornamented individuals within this province were not significantly different (Table 4) . Estimated rates of scar accumulation per year for NW, SW, and SH morphologies were 0.046, 0.088, and 0.076, respectively. Thus, based on these estimates, the SW and SH morphologies accumulated repair scars faster on average than the NW morphology. Specifically, the repair rates for both SW and SH shell morphologies were significantly greater than for the weakly (NW) ornamented shell morphology (estimated posterior probabilities  0.983 and 0.929, respectively; Table 4 ). Repair rates for the two morphologies living in the southern province did not differ significantly (estimated posterior probability  0.315; Table 4 ).
Discussion
'An organism -its form, activity, physiology, and life cycle -… represents an integrated system of adaptations reflecting supply, demand, and construction. It is a web of synergy, of interdependence in which resources, metabolism, competition, and structure are inextricably linked through causal feedbacks.' G. J. Vermeij (2011, p. 199) Our laboratory experiments strongly suggest that B. carica traits presumed to be adaptive (e.g. increased shell thickness, the presence of a tumid ridge) provide defensive benefits in encounters with durophagous predators. Higher repair rates also occur in the warmer southern province, which is the only place where the heavily ornamented whelk morphology is expressed. Support for our predictions indicates that B. carica is locally adapted to coarse-grained environmental variation, with the expression of anti-predatory Table 2 . Results from nested ANOVA testing dependence of mean morphological traits on province while accounting for localized effects. For each morphological trait, estimated means are compared pairwise by province. NW  weakly ornamented whelks in the northern province; SW  weakly ornamented whelks in the southern province; SH  heavily ornamented whelks in the southern province. Bayesian probability statements regarding the posterior distributions of the estimated parameters (mean effects in each province) given the data are given for each comparison. Significant values are shown in bold, with values  0.95 indicating a high probability that the statement in the 'Probability comparison' column is true. Low values ( 0.05) indicate that the reverse relationship shown in the 'Probability comparison' column is significant (e.g. for spinosity, SH is significantly greater than SW). Table 3 . Inferred ranking of morphological traits grouped by province and morphology. NW, SW, and SH as in Table 3 .
Trait Inferred ranking the high costs and trade offs associated with the production of shell material (Palmer 1979 , Wilbur and Saleuddin 1983 , Delgado et al. 2002 .
In the northern part of B. carica's range, individuals commonly had numerous small spines accounting for often less than 10% and as little as  2% (observed at Wood's Hole, Massachusetts) of the total shell width. In contrast, in the southern province, spines were present as large protrusions accounting for up to 30% of the total shell width. This pattern is similar to Edwards' (1988) observations of increased spinosity at low latitudes. She speculated that increased spinosity in the southernmost part of the range of the knobbed whelk might be explained by environmental variation in wave exposure, turbulence, and/or sand scour along the U.S. Atlantic coastline. Wave energy peaks in the northern province (National Renewable Energy Laboratory 2016: MHK atlas), so it seems unlikely that this would drive our observed trend in spinosity (presumably, spines would serve a stabilizing function under high energy/exposure conditions). Sand scour is lowest in the south due to diminished sediment size and reduced wave energy (Edwards 1988) . High rates of sand scour have been linked in several species to decreased ornamentation Porter 1971, Vermeij 1974 ), but would only explain the absence of spines to the north and not their strong expression in the south. Edwards (1988) also speculated that spines might serve as a defense against predators. In our experiments with stone crabs, however, spines were not effective defenses against crabs. Indeed, the ineffectiveness of spines as an anti-predator defense against crabs has been observed in other studies as well, with spines even appearing to afford crab predators better purchase on prey items (present study, Palmer 1979, Whitenack and Herbert 2015) . Instead, we hypothesize that the tendency to have few but large spines in southern knobbed whelk populations likely reflects adaptation against gape-limited predators (Palmer 1979) , such as loggerhead turtles. The functional significance of having multiple small spines to the north remains unclear.
Although spinosity and localized shell thickening (the tumid ridge) both peaked in the southern province, individuals that possess a tumid ridge do not always possess large spines (and vice versa). One possible explanation is that the two features may be adaptations against different predators. The loggerhead turtle Caretta caretta is known (from gut contents) to consume B. carica in the wild (Wallace et al. 2009 , McClellan et al. 2010 . Whelks often constitute a significant portion of the diet of loggerheads (e.g. up to 50% combined blue crabs and whelks (Busycon spp.); Wallace et al. 2009 ). Juvenile C. caretta occupy pelagic habitats, but as individuals age they shift towards coastal feeding grounds where they consume large amounts of benthic invertebrates, including gastropod mollusks (Hopkins-Murphy et al. 2003 , Witherington 2003 . Although there are no reported direct observations of turtles feeding on whelks, it seems unlikely that the possession of a tumid ridge would function effectively as an anti-predatory adaptation against loggerhead turtles. Instead it seems more likely that whelk spines, which increase the effective width of the whelk shell, might function as protection against these or other gape-limited predators (Palmer 1979) . Nesting grounds in the United States occur south of Cape Hatteras, with an estimated 90% in the southern province, however, experience a relaxation of temperature constraints on calcification, as the solubility of CaCO 3 decreases in warmer water (Graus 1974) . This environmental permissiveness makes the production of a heavily ornamented shell possible under the warmer water conditions experienced south of Cape Hatteras.
Within the southern province, we observed high costs associated with producing defensive adaptations: heavily ornamented individuals experienced a substantially diminished growth rate compared to their weakly ornamented counterparts, taking about six years to reach a shell length of 100 mm versus less than four years for weakly ornamented individuals (Supplementary material Appendix 6, Kosloski 2012). In contrast, weakly ornamented individuals from the northern province took approximately five years to attain this size. Differences in growth rates for weakly ornamented individuals between provinces indicate that temperature locally constrains growth, and the absence of individuals with heavily ornamented shells in the northern province suggests that this suite of adaptive traits (large spines, a thick shell, and a tumid ridge) may be both ecologically unnecessary and possibly physically unattainable under cooler water conditions. Our hypothesis is bolstered by the observation that differences in water temperature between provinces were correlated with variation in selective pressure, as indexed by repair rates. Temperature thus appears to act as the ultimate control on the scope of adaptation along the geographic cline both by escalating selective pressures in the southern part of B. carica's range and by physically limiting (to the north) and facilitating (to the south) the production of anti-predatory traits.
Geographic clines in morphology
Shell thickness, tumid ridge, spinosity, and spines Within our system, the geographic distribution of shell thickness, the tumid ridge, spinosity and spines supports our hypothesis that temperature enables and predation drives the expression of the heavily ornamented whelk morphology. Repair rates, as indicated by repair scars, peaked in warmer waters to the south, suggesting stronger selection for the production and maintenance of these anti-predatory adaptations.
As we predicted, shell thickness measured at the tumid ridge and shoulder peaked in southernmost whelk populations. Edwards (1988) reported a similar trend for B. carica between five localities, ranging from Massachusetts to southern Georgia, with increased shell mass peaking to the south. Increased shell thickness in the south is coupled with the presence of the tumid ridge (an effective localized shellthickening defense). These traits together confer a significant anti-predatory benefit, as demonstrated in our predation experiments. Mechanistically, it appears that these traits prevent both peeling of the shell and outright crushing of the body whorl. In experiments, the tumid ridge and increased shell thickness both increased survival odds and decreased the amount of damage sustained; however, these features never entirely sweep southern populations. This variation may represent the presence of multiple adaptive peaks in the southern province (see further discussion below) related to on life-history theory in low vs high predation environments (Reznick and Endler 1982) , that northern province B. carica mature later and at a larger body size than southern province conspecifics in response to reduced predation risk. Future studies should focus on age and size at reproductive maturity along the cline to test this prediction. A better understanding of these traits would increase our knowledge of how the observed differences in growth rate, shell length, and predation pressure relate to the maintenance of different life-history strategies.
Multiple adaptive peaks in the southern province
Increased predation risk in the southern province results in the emergence of two locally optimal whelk morphologies (SW and SH) as alternative means of dealing with shellcrushing predation. 1) SW individuals experience rapid growth rates, but also experience a trade off of reduced morphological resistance to predatory attacks. In environments where selective pressure from predators is high, allocating resources towards rapid growth and maturing earlier and at a smaller body size increases the likelihood that an individual will survive to reproduce (Atkinson 1994 , Edeline et al. 2013 ). In our predation experiment, individuals with SW morphologies were significantly more likely to experience both severe shell damage and fatal attacks. Thus SW individuals likely 'risk it' by growing rapidly to adult sizes with sub-optimal (i.e. structurally weaker) shell morphologies due to the potential payoff of reproducing earlier and perhaps surviving through more reproductive seasons. Adult body size is smaller as a result.
2) An alternative adaptive option for organisms in high-predation environments is to allocate resources away from growth and towards defensive shell structures, as observed in SH individuals (Palmer 1990 , Trussell and Smith 2000 , Delgado et al. 2002 , Trussell and Nicklin 2002 . The production of these traits results in decreased mortality, observed in our predation experiments, and an increased likelihood of survival to maturity. Having welldefended shells thus reduces selective pressure to mature early and at a small body size. However, heavily ornamented shells likely have associated costs besides observed reduced growth rates: the production of a well-defended shell may result in delayed reproductive maturity and may also incur locomotive costs (Palmer and Labarbera; cited in Palmer 1985) , reducing overall fitness relative to weakly ornamented individuals. These fitness costs may explain how SW and SH individuals co-exist within populations despite the superior performance of SH individuals during predatory attacks.
While we do not have data pertaining to time at maturity for SW vs SH individuals, under this hypothesis we would predict that SH individuals mature later relative to SW individuals. SH individuals would then compensate for delays in reaching reproductive maturity by having a higher likelihood of remaining in the reproductive pool for a longer time period due to their enhanced defenses. Additional research on the timing of reproductive maturity for different morphologies of B. carica should help clarify how multiple adaptive peaks are maintained. of nest sites in Florida (Bowen 2003) , so predation pressure from loggerheads should be highest in the southern province where we see the highest spinosity. De-coupling of spines from the tumid ridge, as observed with individuals from Amelia Island, Florida (30.61°N), may be a local adaptive response to high turtle predation and low crab predation.
Shell length
Shell length did not follow our expected trend. We predicted that mean length would be highest in the south due to the stimulatory effects of warm temperatures on energetically costly shell growth and increased selective pressure from predators. Shell length, however, decreased in the southern province, even when comparisons were restricted to weakly ornamented individuals. Populations of both weakly and heavily ornamented individuals in the southern province only attain on average 85% of the length observed in northern populations. We suggest that the unexpected trend of decreased whelk body size in the southern part of the range results from life-history related differences in growth rate (driven by both abiotic and biotic factors) between provinces.
The differences in average length that we observed between provinces in this study match the predictions of the temperature-size rule (Atkinson 1994) : ectotherms commonly show a latitudinal cline in body size (Sebens 1987, Munch and Salinas 2009) , with slower growing individuals maturing later and attaining larger adult sizes in colder environments (Atkinson 1994 , Angiletta and Dunham 2003 , Angilletta et al. 2004 , Horne et al. 2015 . This trend has been attributed in other species to non-adaptive responses, such as biophysical constraints on cellular size and limits to oxygen uptake (see Angilletta et al. 2004 and Forster et al. 2012 for further discussion). However, it also has been attributed to adaptive responses, such as the selective advantage of early maturation in terms of increased reproductive potential in warmer environments (e.g. the 'compound interest hypothesis' [Fischer and Fiedler 2002] ).
Although temperature variation alone may shape the geographic cline in whelk size, we suggest that adaptive response to predation risk is an important driver that can independently (or in combination with temperature) explain the observed pattern. At least three lines of evidence support the hypothesis that geographic variation in predation risk plays an important role in shaping the geographic cline of B. carica body size. First, our repair rate analysis showed that selective pressure from predators is less intense in the northern province than in the southern province. Second, as would be predicted from life-history theory in predator-rich versus predator-poor habitats (Reznick and Endler 1982, Abrams and Rowe 1996) , SW whelks grew faster and attained a smaller adult body size (possibly because of selection for earlier maturation, contra our initial hypothesis) than their NW counterparts. Third, the distribution of other morphological anti-predatory traits (e.g. spinosity, tumid ridge development) along the cline strongly indicates that predation affects the evolution of southern province populations more than it affects northern province populations.
Although we lack data on how age at reproductive maturity in the wild varies along the cline, we predict, based disentangle without extensive experimental work (such as transplant and common garden experiments) and genetic work (Sepúlveda and Ibáñez 2012) . We did not determine in this study whether clinal morphological differences in B. carica result from adaptation or phenotypic plasticity due to the slow and episodic growth and long time to maturity for this species (Kraeuter et al. 1989 , Castagna and Kraeuter 1994 , Walker et al. 2008 , Power et al. 2009 ). Given B. carica's low migration rates (Walker et al. 2008) , relationship between larval type and the capacity to adapt to local conditions (Yamada 1989 , Johannesson 2003 , and high predictability of encountering shell-crushing predators throughout ontogeny (Harvell 1990) , we suspect it is unlikely that the development of a well-armored morphology would have evolved as a plastic response to predation. Repair scar data also indicate consistent differences in selective pressure between the northern and southern provinces, which would be anticipated to produce a genetic response (Gienapp et al. 2008) . Regardless of whether geographic differences in morphology occur as a result of the evolution of plasticity or as a result of the evolution of different morphologies, the consequences are the same: B. carica shows significant local adaptation to varying predatory regimes and abiotic conditions.
Conclusions
We tested the roles of predation and temperature in driving local anti-predatory adaptation of the knobbed whelk Busycon carica over a large geographic area ( 1400 km) along the Atlantic coast of the United States. Predation experiments confirmed that knobbed whelks with energetically costly, heavily ornamented shells had higher survivorship rates than those with weakly ornamented shells. We predicted that selective pressure from predators -indexed by repair rates -would be highest in warm, southernmost latitudes, and that anti-predatory traits (shell thickness, tumid ridge, spinosity, spines, and shell length) would peak in concert with intensified selective pressure from predators. Repair rates, standardized for morphology and exposure time, were significantly higher to the south, supporting our hypothesis that selective pressure from predators peaks at low latitudes. Energetically costly anti-predatory traits (with the exception of shell length) were also expressed most strongly at low latitudes. The reversed cline in shell length, with larger individuals occurring in the northern part of B. carica's range, may reflect a release from selective pressure and resultant increase in longevity at higher latitudes. To the south, trade-offs between two different life history strategies (either growing rapidly and maintaining a weakly ornamented shell, or growing more slowly and maintaining a heavily ornamented shell) likely facilitate the coexistence Morphology, mortality and repair scars: the importance of data standardization
The heavily and weakly ornamented morphologies used in our experiments performed differently under similar conditions of predation pressure (four hour trials, with groups of knobbed whelk individuals exposed to the same individual predators). Although conservative, mortality rates (and therefore the capacity to accumulate repair scars, which can only form on individuals that survive predatory attacks) differed significantly between the two morphologies (58% of weakly ornamented individuals survived predation attempts vs 91% of heavily ornamented individuals). Damage levels also differed: weakly ornamented individuals experienced shell damage likely to lead to the formation of a repair scar (assuming they managed to survive the attack) 58% of the time, whereas heavily ornamented individuals only sustained severe shell damage in 17% of attacks. The significant differences across morphologies in both mortality and shell damage highlight the importance of comparing similarly shaped shells when using repair scars as a proxy for selective pressure from predators (Dietl and Kosloski 2013) . Despite differences in the likelihood of death or sustaining severe shell damage, the overall percentage of knobbed whelk individuals that were likely to form repair scars during our predation experiments was similar (21 vs 13% of weakly and heavily ornamented individuals, respectively; Table 5 ).
Given variation in how different whelk morphologies performed during shell-crushing attacks in our experiments (Table 5) , we assume that the similar repair rates that we observed in wild populations (SW  0.088 and SH  0.076 scars yr -1 ; Table 4) do not indicate equivalent performance of shell defenses for the two morphologies: more likely, they instead indicate a bias of living individuals (especially in older cohorts) towards heavily ornamented, mortality and repair scar-resistant morphologies. This interpretation suggests that comparisons of repair scar rates across different morphologies in other predator-prey systems should not be attempted without field or laboratory studies of how different shapes perform during attacks and careful standardization.
Plasticity
Local adaptation in marine mollusks can be the result of plastic responses to varying environmental conditions, evolutionary adaptation to local conditions, or the evolution of increased plasticity in response to variable environmental conditions (Appleton and Palmer 1988 , Trussell and Smith 2000 , Trussell and Etter 2001 , Delgado et al. 2002 , Trussell and Nicklin 2002 , Dalziel and Boulding 2005 , Sanford and Worth 2009 . These possibilities can be difficult to of two distinctive morphologies. Our results suggest that the warmer conditions in the southern part of B. carica's range stimulate adaptation by providing opportunity, especially for traits requiring a lot of energy to build, but selective pressure from predators is needed to realize this adaptive potential. Adaptation is thus always a balance between competing demands and constraints.
